During the past decade, Brachypodium distachyon has emerged as an attractive experimental system and genomics model for grass research. Numerous molecular tools and genomics resources have already been developed. Functional genomics resources, including mutant collections, expression/tiling microarray, mapping populations, and genome re-sequencing for natural accessions, are rapidly being developed and made available to the community. In this article, the focus is on the current status of systematic T-DNA mutagenesis in Brachypodium. Large collections of T-DNA-tagged lines are being generated by a community of laboratories in the context of the International Brachypodium Tagging Consortium. To date, >13 000 lines produced by the BrachyTAG programme and USDA-ARS Western Regional Research Center are available by online request. The utility of these mutant collections is illustrated with some examples from the BrachyTAG collection at the John Innes Centre-such as those in the eukaryotic initiation factor 4A (eIF4A) and brassinosteroid insensitive-1 (BRI1) genes. A series of other mutants exhibiting growth phenotypes is also presented. These examples highlight the value of Brachypodium as a model for grass functional genomics.
Introduction
Over the last decade, model plant systems such as Arabidopsis thaliana (hereafter referred to as Arabidopsis) and rice have underpinned numerous fundamental and applied plant biological studies. The availability of whole-genome sequences (WGSs) combined with comprehensive and characterized mutant collections, particularly T-DNA and transposon insertion lines, has provided invaluable resources for the systematic analysis of gene function. T-DNA insertion provides a particularly useful form of mutagenesis since tagged genes are easily traceable (using marker genes), have good stability, and can produce knock-out phenotypes at a high frequency. These attributes greatly facilitate mutation characterization and enable rapid uptake and investigation in a broad range of research environments. In addition, T-DNA can be used to trap genes and promoter sequences as well as to activate endogene(s) neighbouring the insertion (Springer, 2000) . T-DNA mutagenesis efficiency being roughly dependent upon the gene space within the genome, this approach is particularly suited to species with small and compact genomes and with a low content of repetitive/transposable elements. Large collections of mutants are often necessary to enable comprehensive mutagenesis of the whole genome. To date, more than half a million rice and Arabidopsis T-DNA mutant lines are available worldwide to researchers (An et al., 2005; O'Malley and Ecker, 2010) often for a nominal charge. These collections of mutants are extremely well documented and searchable online via genome browsers. In Arabidopsis, it is estimated that 88% of all genes have been 'hit' at least once (O'Malley and Ecker, 2010) and T-DNA pools/lines represent ;80% of the seeds distributed to the plant research community by stock centres such as the ABRC (Ohio State University, USA).
Rice provides a foundation model for grass genomics, being the first grass to have its genome sequenced, and comprehensive mutant collections available. However, unlike Arabidopsis, rice is a large plant with demanding cultural requirements. Thus, growing rice plants in large numbers can be particularly expensive in temperate climates and out of reach for most non-specialized laboratories. Maize, a possible alternative model grass with WGS and extensive genetic resources, is also comparatively large and expensive to grow. An additional consideration is that the biology of temperate grass species is sufficiently divergent from that of rice and maize, which have evolved in the tropics, to require a more specific genomic and biological model. Since 2001, Brachypodium distachyon (hereafter Brachypodium) has been developed as an experimental and genomics model for grasses to enable the investigation of biological questions (Draper et al., 2001) . It addresses the need for a small diploid organism that is easy and economical to grow and manipulate under artificial conditions and with a full range of modern molecular tools and resources. Brachypodium belongs to the Brachypodieae, a sister tribe to the Triticeae, Poeae, Bromeae, and Aveneae that contain most of the temperate grain, forage, and turf grasses of agronomic importance including wheat, barley, oat, rye, and ryegrass. Interestingly, Brachypodium species seem to have originated just before the major genome expansion which occurred during the evolution of other tribes such as the Triticeae (Massa et al., 2011) . Brachypodium possesses many of the characteristics required of a tractable model system, including a small stature (20 cm) and compact genome size (;272 Mb), rapid generation time (2-3 months), undemanding growth requirements, selffertility, the availability of WGSs for a series of genotypes (Bd21, Bd21-3, Bd1-1, Bd3-1, Koz-3, BdTR12C, and Bd30-1), ease of genetic transformation, and extensive natural variation in biological traits (International Brachypodium Initiative [IBI], 2010; Gordon et al., 2011 ; for reviews, see Garvin et al., 2008; Opanowicz et al., 2008; Bevan et al., 2010; Vain, 2011) .
The Brachypodium WGS has already provided a useful reference for map-based cloning and comparative genomics among the temperate grasses (Devos, 2010; IBI, 2010; Murat et al., 2010; Wicker et al., 2010; Massa et al., 2011; Mur et al., 2011; Vain, 2011) . The Brachypodium WGS also provides, in combination with other grass genome sequences, information to facilitate the assembly and annotation of larger genome sequences of species such as barley (;5000 Mb; Mayer et al., 2011) and wheat (;17 000 Mb). Recent wheat contig sequences (;13 Mb; Choulet et al., 2010) indicated that 89% of the genes present in orthologous Brachypodium regions were syntenic with wheat, indicating that gene discovery undertaken in Brachypodium could have, in many cases, a direct relevance to wheat. Additional tools and resources established in Brachypodium include extensive natural germplasm collections (hundreds of accessions from Europe and the Middle East), recombinant inbred lines, bacterial artificial chromosome (BAC) libraries, expressed sequence tag (EST) collections, molecular markers, physical/genetic maps, and cytogenetic tools (for recent reviews, see Mur et al., 2011; Vain, 2011) . Functional genomics resources, including mutant collections and microarrays, are also being developed and exploited. In this context, Brachypodium T-DNA mutants are poised to play a key role in facilitating gene function analysis in grass species for which such resources are limited or not readily available. Here, the current international effort in T-DNA mutagenesis in Brachypodium is reviewed and future prospects for mutant resource development and exploitation in this model species are discussed.
T-DNA mutagenesis in Brachypodium
T-DNA insertion was one of the first strategies to be used for systematic mutagenesis in Brachypodium Thole et. al., 2010) and has recently been used to investigate fundamental biological problems relevant to grasses, such as the control of plant height . Efficient and economical production and molecular characterization of insertion lines are essential to T-DNA mutagenesis strategies. Highly efficient Agrobacteriummediated transformation systems have been developed for a range of Brachypodium genotypes (Pa˘curar et al., 2008; Vogel and Hill, 2008) including for the reference diploid line Bd21 Alves et al., 2009) . The WGS of genotype Bd21 (IBI, 2010) has been used since 2009 as a reference to display T-DNA insertions in genome browsers such as GrainGenes (http://wheat.pw.usda.gov/ cgi-bin/gbrowse/BrachV10/) or Modelcrop (http:// www.modelcrop.org/). The efficiency of T-DNA mutagenesis can be limited by the difficulty in identifying systematically and confidently all insert positions in large collections of mutants. As a result, a high proportion (40-60%) of T-DNA plant lines produced are often not sequence indexed (Sallaud et al., 2004) and cannot be used as a mutant resource for reverse genetics approaches. Therefore, a major effort has been devoted to optimizing the retrieval and analysis of T-DNA-flanking sequences, enabling a highly efficient sequence indexing of mutations (Thole et al., 2009) . A combination of both left (LB) and right (RB) border analyses, the use of frequent-cutting restriction enzymes (such as BfaI), and multiple flanking sequence tag (FST) retrieval at each T-DNA border have made possible the indexing of up to 77% of the fertile T-DNA lines (i.e. seed stocks) produced (Thole et al., 2010) . Also, new binary vectors [e.g. pBrachyTAG vector series (http://www.brachytag.org/vector-system.htm)] have been optimized for T-DNA tagging and promoter trapping. Critical features of these vectors include a duplicated LB to reduce vector backbone transfer and a minimal T-DNA region to limit the introduction of superfluous DNA sequence. A 'UniBox system'-composed of tiled PCR primer sequences at the inner T-DNA border regions-has been incorporated to enable more than one PCRbased FST retrieval strategy using universal sequences. Finally, when a T-DNA insertion event has been associated with a given function or phenotype, it is necessary to verify that the resultant phenotype is really caused by the insertion event in that gene and not by other unidentified insertion events or by background mutation(s). If multiple independent T-DNA insertion events are not available, the mutation can be complemented with an intact version of the candidate gene. Recently, a T-DNA mutated gene in Brachypodium (eif4a) has been complemented with an Arabidopsis homologue (AteIF4A-1) bridging investigations between di-and monocotyledonous model species . In the past, Brachypodium transformation systems have also been used to investigate gene function via transgene overexpression (TFL1; Olsen et al., 2006) or gene silencing (PDS, Demircan and Akkaya, 2009; PDS, Pacak et al., 2010) approaches.
Current status of Brachypodium T-DNA mutant collections
Since 2007, two groups have initiated programmes to produce and sequence-index large T-DNA mutant line collections, and are actively disseminating characterized lines. The BrachyTAG project at the John Innes Centre (JIC) currently lists 5000 T-DNA lines (genotype Bd21) and has distributed mutants since 2008 (http://www.brachytag.org/users.htm). The collection consists mainly of T-DNA insertion lines (BrachyTAG) but also contains several hundred promoter trap lines (Brachy-TRAP) using the green fluorescent protein (GFP) as a reporter gene. Analysis of the first 741 fertile tagged lines from this collection has led to the first profiling of T-DNA insertions in the nuclear genome of Brachypodium (Thole et al., 2010) . The sequence indexing level was, on average, 50% (one gene tagged for every second fertile T-DNA plant line produced) and, of these 741 plants, more than one-third contained a T-DNA insertion directly in or within 500 bp around the coding sequence (CDS). T-DNA integration was positively biased towards the regions surrounding the ends of the CDS (Thole et al., 2010) , especially in the region extending 500 bp upstream of the start codon where T-DNA insertion (12.6%) occurred at three times the expected random integration level (4.7%). Detailed information regarding the mutant collection, protocols, binary vectors, T-DNA lines, and predicted/putative function of the tagged genes is available in a searchable website (BrachyTAG.org) that allows users to order seed stocks online. T-DNA insertions in genes of interest can also be searched in the Modelcrop genome browser (http://www.modelcrop.org/ cgi-bin/gbrowse/brachyv1/) which provides gene links to the EnsemblPlants database (http://plants.ensembl.org/index.html) and FST links to the BrachyTAG.org website. At the time of writing, 20% (72/364) of the tagged genes displayed online have been disseminated to 21 laboratories in 11 different countries ( Fig. 1) , demonstrating a strong demand and uptake level for Brachypodium mutant resources by the grass research community. When extrapolated to the entire BrachyTAG collection (5000 seed accessions), ;500 T-DNA lines and mutated genes (out of ;2500 potentially available) could be distributed to the community for functional genomics studies. Brachypodium seeds are also distributed free of IP encumbrance, and only a modest fee is charged to contribute towards the costs of processing and distribution.
A second Brachypodium T-DNA collection has been established at the USDA-ARS Western Regional Research Center (WRRC) using the genotype Bd21-3, and currently lists 8700 lines available online (at http://Brachypodium. pw.usda.gov/TDNA/). This project aims to create an additional 30 000 lines. Molecular analysis of the first 7111 lines led to the sequence indexing of 4393 mutant lines (62%) and the identification of 2598 unique insertions in or near genes (Table 1) . FSTs can be found in the GrainGenes database (http://wheat.pw.usda.gov/cgi-bin/gbrowse/BrachV10/). This collection contains mostly lines for activation tagging (via a transcriptional enhancer present in the T-DNA) and promoter trapping vectors [using b-glucuronidase (GUS) and/or GFP as reporter genes].
Therefore, >13 000 Brachypodium T-DNA mutant lines are currently available to the research community, and T-DNA insertions have been characterized in ;8000 lines. Recently, the International Brachypodium Tagging Consortium (IBTC), which includes eight laboratories from five countries, has been established to scale-up the production and characterization of T-DNA mutants ( Table 1 ). The additional T-DNA mutagenesis projects include those by C. Gao and D. Wang at the Institute of Genetics and Developmental Biology, CAS, Beijing, China; M. Jordan at the Agriculture & Agri-Food Canada, CRC, Winnipeg, Canada; C. M. Park at the Seoul National University, Korea; X. Qi at the Institute of Botany, CAS, Beijing, China; S. Zheng at the Zhejiang University, Hangzhou, China; and J. Sedbrook, H. Kaeppler, and R. Amasino at the Great Lakes Bioenergy Research Center, IL, USA. The IBTC T-DNA insertions will be integrated into a searchable online database enabling users to identify and order mutants of interest from the different collections. The IBTC has forecast the production of ;50 000 T-DNA lines and the tagging of ;50% of the 25 532 Brachypodium gene complement (IBI, 2010) within the next few years. This effort will significantly contribute towards establishing an in silico resource for reverse genetics in Brachypodium and represents a key contribution to mutant resources in temperate grass species.
Examples of Brachypodium T-DNA mutants
Reflecting the relatively recent development of T-DNA insertion resources, at the time of writing, only one Brachypodium mutation (T-DNA induced) has been fully characterized (i.e. genotyped and phenotyped) . However, a growing number of Brachypodium mutant phenotypes are being deposited online by projects such as the BRACHY-TIL (http://urgv.evry.inra.fr/UTILLdb), BrachyBio! (http://bti. cornell.edu/brachybio), and BrachyTAG (http://www. brachytag.org/photo-gallery.htm). Screens of the BrachyTAG mutant collection for lines with segregating growth phenotypes has led to the characterization of several mutations-including those in the eIF4A gene and, more recently, in the brassinosteroid insensitive-1 (BRI1) gene (reported here). Additional mutants exhibiting altered plant development (the DEV mutant series) have also been identified in the collection. These examples will be used here to illustrate the utility of Brachypodium tagged mutant resources for grass functional Act, activation tagging; FSTs, T-DNA flanking sequence tags characterizing T-DNA insertions; KO, knock-out; NA, not available; Trap, promoter/gene trapping.
To date, ;3000 T-DNA insertions within or near genes have been characterized and are displayed online in the GrainGenes and Modelcrop genome browsers.
a Contributors to the International Brachypodium Tagging Consortium (IBTC). genomics and for bridging research between models (Arabidopsis and Brachypodium with eIF4A) as well as between models and crops (Brachypodium and rice/barley with BRI1).
Eukaryotic initiation factor 4A (eIF4A) T-DNA mutant
Height variants are amongst the easiest mutants to screen for, and this trait is also an important breeding target in many cereals. Plant height, in cereals, can be associated with reduced yield, especially under modern agronomic practice, and a detailed understanding of the molecular and cellular basis of stem extension could underpin future crop design. The first height mutant identified in the BrachyTAG collection contained an insertion in the eukaryotic initiation factor 4A (eIF4A) gene. eIF4A is an RNA helicase (Rogers et al., 2002) , a component of the mRNA cap-binding complexes, believed to play an important but general role in translation. However, specific transcripts display various levels of requirement for eIF4A (Bottley et al., 2010) according to their mRNA secondary structure. The BdAA115 mutant line contained a T-DNA insertion in the first intron of the Bradi1g34170 coding sequence ( Fig. 2A) , one of the two Brachypodium eIF4A genes . The T-DNA insertion was characterized by the JIC00100_115 FST (http://www.modelcrop.org/) and led to a significant decrease of eIF4A protein in the homozygous mutant plants. The eif4a mutant plants were slow growing and the final plant stature was reduced to ;45% of that of the 'nil' plants, which did not contain the insert (Fig. 2B) . The reduced growth was due to a decrease both in cell number and in cell length (Fig. 2C ) and could be observed in stems, leaves, and inflorescences. Flowering time was not significantly delayed in the mutant plants; however, pollen, ovule, and grain development were significantly altered, and prevented viable seed production. Interestingly, plants hemizygous for the T-DNA insertion displayed an intermediate semi-dwarfing phenotype, where stem length was reduced (to ;85% of that of nil plants), but leaf length was normal (Fig.  2B ). This indicates that stem elongation is particularly sensitive to the level of eIF4A, suggesting that the efficient translation of certain, as yet unknown, transcripts is required for this process. The interaction of eIF4A-mediated stem elongation with other stem growth pathways has yet to be determined. Fertility was restored in hemizygous plants, but at a level of ;60% of that of the nil plants.
Transformation of the homozygous mutant plants with a genomic copy of the Arabidopsis eIF4A-1 gene complemented the growth phenotype but did not restore fertility. This indicated that some, but not all, aspects of the eIF4A gene function or regulation are conserved between di-and monocotyledonous species. To distinguish between regulatory and function differences, Arabidopsis and Brachypodium chimeric genes will have to be tested, but it is clearly now possible to address such issues. Overall, this study identified eIF4A as a dose-dependent regulator of stem elongation and demonstrated the usefulness of Brachypodium to refine our understanding of plant developmental biology across plant models. It also provided proof of concept for the characterization of a Brachypodium mutation which was conducted over a 9-12 months period on 'a par' with that currently enjoyed by the Arabidopsis research community.
Brassinosteroid insensitive-1 (BRI1) T-DNA mutant
A second mutant exhibiting reduced plant height and altered architecture identified a gene previously known from Arabidopsis to affect the brassinosteroid pathway. Brassinosteroids are plant steroid hormones regulating a wide range of developmental and physiological processes, such as cell elongation, vascular differentiation, root growth, responses to light, resistance to stresses, and senescence (Kim and Wang, 2010) . The first mutant allele of a receptor to brassinosteroids (bri1) was identified in Arabidopsis (Clouse et al., 1996) . The bri1 mutant displayed multiple developmental deficiencies such as severely dwarfed stature, dark green and thickened leaves, male sterility, reduced apical dominance, and de-etiolation of dark-grown seedlings. Subsequently, monocot homologues to BRI1 were characterized in rice (d61 antisense transgenic line; Yamamuro et al., 2000) and barley ('uzu' semi-dwarf variety; Chono et al., 2003) . BRI1 is a leucine-rich repeat (LRR) receptor protein kinase (RPK) belonging to the family of serine/threonine kinases. This family of plant receptors is characterized by a single transmembrane domain, separating an extracellular N-terminal domain bearing multiple LRRs where the binding site is located, and an intracellular C-terminal domain bearing a phosphorylation domain responsible for transducing the brassinosteroid signal.
Here, a mutant Bd21 line (BdAA900) from the Brachy-TAG collection containing a T-DNA insertion in the 5#-untranslated region of the Bradi2g48280 gene, 9 nt upstream of the translation start signal; is described (Fig. 3A) . The T-DNA insertion was characterized by the JIC00665_900 FST (http://www.modelcrop.org/). The Bradi2g48280 gene is predicted to encode an 1122 amino acid long protein composed of one transmembrane domain, a serine/threonine kinase domain, 15 LRRs, and a signal peptide (Supplementary Fig. S1 available at JXB online). The predicted Bradi2g48280 protein shares 84% amino acid identity with the D61 rice receptor and 90% with the barley BRI1 protein (GenBank accession no. AB088206), strongly suggesting that Bradi2g48280 is a BRI1 homologue (Supplementary Fig. S1 ). Approximately 28% (20/71) of the BdAA900 plants segregating for the T-DNA insert exhibited a severe dwarf and contorted plant phenotype, suggesting the presence of a single T-DNA locus (v 2 test, P¼0.79). Genotyping of T 1 plants with PCR primers specific to the T-DNA:Bd21 junction sequence or to the wild-type allele of Bradi2g48280 (primers spanning the insertion site) demonstrated that the mutant phenotype only occurred in the plants homozygous (Ho) for the T-DNA insert, while hemizygous (He) plants and nontransgenic segregants (nil) exhibited a regular wild-type phenotype (Fig. 3D) . Overall plant height in Ho individuals was reduced by 50-60%, with leaves, sheaths, and stems affected to a similar extent. Most organs exhibited a contorted phenotype from the earliest stages of development (Fig. 3B) . Branching was increased in Ho individuals (Fig. 3E) . Ho inflorescence height was also reduced by half, and the number of spikelets averaged 2.7 compared with 3.5 in the nil plants (Fig. 3F) . Seed size and shape were also altered (6.46 mm long in Ho versus 5.46 mm in nil plants, t-test, P < 0.001; Fig. 3F ). Barley 'uzu' mutants are also fertile (Chono et al., 2003) , unlike Arabidopsis where bri1 mutants are male sterile (Clouse et al., 1996) . Interestingly, a gene dosage effect was observed for GFP (present in the T-DNA) in Brachypodium plants segregating for the T-DNA mutation which enabled Ho genotypes (with intense fluorescence) to be accurately distinguished from He (with moderate fluorescence) genotypes. Ho individuals exhibited an altered epidermal cell shape and architecture (Fig. 3G) . Using a leafunrolling assay (Takesuo, 1994) , Ho plants were shown to be significantly less sensitive to brassinosteroid application when compared with nil and wild-type plants ( Supplementary  Fig. S2 at JXB online). Taken together, these results suggest that Bradi2g48280 is most probably the gene coding for the main brassinosteroid receptor in Brachypodium.
Other mutants with altered growth phenotype from the BrachyTAG collection A series of additional mutant phenotypes exhibiting altered plant height, architecture, shape, or organs (DEV mutants) have also been observed amongst segregating T 1 plants from T-DNA lines of the BrachyTAG collection. Some examples of DEV mutants are presented in Fig. 4 . T-DNA insertions in these lines have been validated in primary transformants (T 0 plants) and in some T 1 plants exhibiting a mutant phenotype. However, systematic genotyping of segregating populations has not yet been undertaken, and additional (T-DNA or background) mutation(s) cannot be ruled out at this stage. The diversity of phenotypes observed illustrates the potential of such a mutant collection.
T-DNA line BdAA689 produced T 1 plants (2/11) exhibiting a mutant phenotype (DEV3) with reduced plant height (;25% of other segregating 5-week old T 1 plants) and an altered architecture including compactly grouped tillers (Fig. 4A) . All tiller components exhibited a reduced length and width; however, internodes were two to three times more affected than leaves regarding size reduction.
T-DNA line BdAA710 produced T 1 plants (5/13) exhibiting a mutant phenotype (DEV4) with extremely reduced plant height (1-1.5 cm compared with 20-30 cm for other segregating 5-week-old T 1 plants) and a contorted morphology (Fig. 4C ). Stems (maximum 1-1.5 mm in length) were particularly reduced compared with sheaths (3-4 times longer) or leaves (3-6 times longer). No reproductive tissue was observed; instead mutant plants were terminated by rolled leaf tissue which turned necrotic during later stages of development.
T-DNA line BdAA1103 produced T 1 plants (2/16) exhibiting a mutant phenotype (DEV5) with reduced plant height (;40% of other segregating 5-week-old T 1 plants) and extensive yellowing of stems and leaves (Fig. 4B) . All tiller components exhibited a reduced length and width.
These examples illustrate the utility of Brachypodium T-DNA mutant resources to investigate gene function in grasses. Enlargement of these resources will facilitate a significant increase in model-to-crop translational studies.
Other Brachypodium mutant resources
Chemical mutagenesis presents an alternative to insertional mutagenesis in plant species with very large genomes (such as the members of the Triticeae) or when T-DNA/transposon tagging is inefficient or not economically feasible. Although the mutations are not 'tagged', large-scale molecular screens or 'second-generation' sequencing approaches offer the possibility of bypassing this problem. Several populations of Brachypodium mutants have been or are being produced using either sodium azide or EMS (ethylmethane sulphonate). The BRACHYTIL (R. Sibout, INRA, France) and BrachyLIFE (S. K. Rasmussen, University of Copenhagen, Denmark) collections list 6000 and 3800 sodium azide-mutagenized M 2 families, respectively, while the BrachyBio collection (T. Brutnell, Boyce Thompson Institute, USA) contains 3000 M 2 families derived from EMS-treated seeds. Interestingly, this latter mutant collection is being phenotyped mostly by high school students using the interactive web-based myPlant module (www.bti.-cornell.brachybio/). The JIC (Norwich, UK) has also secured funding to establish a collection which will include 5000 chemically mutagenized plants within the next few years. All these resources can be exploited for Targeting Induced Local Lesions IN Genomes (TILLING), forward genetic screens, or whole-genome sequencing. The large number of mutations generated by chemical mutagenesis in each genome reduces the size of plant populations necessary to obtain a mutation in any given gene. However, downstream screening and characterization of mutations often require specialized molecular and bioinformatics infrastructure which can be costly and hinder characterization and uptake of mutants by the research community. In this regard, chemically mutagenized Brachypodium resources are highly complementary to T-DNA mutant collections (which are difficult to establish but easy to study) and key to achieving near saturation mutagenesis within a short time period and with maximum cost efficiency. A commercial service for Brachypodium TILLING is already available from the URGV (Evry, France; http://urgv.evry.inra.fr/UTILLdb) using the BRACHYTIL mutant collection, and the RevGenUK platform (http://revgenuk.jic.ac.uk/) is developing a comparable service for the future JIC collection. This international mutagenesis effort complements an ongoing Department of Energy (DOE) whole genome resequencing programme (J. Vogel, USDA-ARS WRRC, Albany, CA, USA, personal communication) of >50 Brachypodium genotypes issued from existing Brachypodium germplasm collections (for a recent review, see Mur et al., 2011) .
Future prospects
In the near future, the availability of WGSs for a broad range of grain, turf, forage, and biomass grasses will stimulate the genetic analysis of traits at the molecular level and accelerate the need to assess gene function and understand mechanisms and pathways in grass species. However, the size and complexity of many grass crop genomes as well as some of their biological characteristics (large stature, long life cycle, demanding growth requirements, etc.) are, and probably will remain, major obstacles that restrict such research to wealthy and specialized academic institutions or private enterprises. Brachypodium is in a unique position to facilitate research on grass within a wider range of research environments. Therefore, this wild grass can play a key role in recruiting new researchers to work on grasses, perhaps the most important groups of plants for human welfare, as well as bridging between model and crop systems (Vain, 2011) . In this context, the development of mutant resources, particularly T-DNAtagged lines, is critical considering the high demand for such a resource and its ease of use. While T-DNA tagging research has been well supported in the USA-particularly by the DOE-funding in the EU and Asia has been limited and mostly provided by research institutes and small competitive grant projects. This has resulted in the US effort representing more than twice the combined activity of the rest of the world. Furthermore, even when collections, such as BrachyTAG, have been established in the EU, funding for their complete sequence indexing and/or systematic phenotyping has been lacking. There is, therefore, an urgent need to mirror the US effort for the production and characterization of T-DNA mutants in order to facilitate the establishment and uptake of Brachypodium functional genomics resources. In the coming years, insertional Brachypodium mutant resources may represent one of the fastest, easiest, and cheapest routes to investigate the function of numerous candidate genes in grasses. In many cases, T-DNA lines will enable the linking of genotype and phenotype to exploit and create new genetic variation which is one of the central goals of grass biology and crop research. It is estimated that ;100 000 T-DNA lines are likely to be needed to tag most of the genes in Brachypodium (Thole et al., 2010) . To achieve this, additional funds will be required to approximately double the current capacity of the IBTC (;50 000 lines by 2013). Conversely, developing Brachypodium T-DNA collections beyond this point may not be cost-effective as T-DNA insertion tends to occur in already tagged genes or intergenic regions while the frequency of newly tagged genes considerably decreases. In Arabidopsis, ;12% of the gene set remains untagged despite worldwide collections exceeding 300 000 T-DNA lines (O'Malley and Ecker, 2010) . As emerging model systems such as Brachypodium are unlikely to benefit from the same level of support for T-DNA tagging, a mixed strategy is likely to be adopted, where mutation in any given gene will be accessible by a combination of T-DNA or chemically mutagenized resources as well as via RNA silencing strategies or future gene targeting approaches. In this perspective, Brachypodium T-DNA resources will represent an important step towards the systematic elucidation of gene function in grass species for which such tools are not yet available.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . Multiple alignment of BRI1 (brassinosteroid insensitive-1) protein sequences. Figure S2 . Unrolling leaf assay.
